Lagkas, T.D. orcid.org/0000-0002-0749-9794, Sarigiannidis, P. and Louta, M. (2013) On analyzing the intra-frame power saving potentials of the IEEE 802.16e downlink vertical mapping. Computer Networks, 57 (7 
the air interface with the Base Station (BS), reducing, thus, its power consumption. During sleep window periods, the MS enters the sleep state and it is considered unavailable, unable to either send or receive traffic. Each sleep window is followed by a listen window, during which the MS returns to normal state. Thus, between sleep states, the MS is able to recover in order to exchange control messages with the BS.
Three variations of power-saving classes have been designed to meet energy management requirements of the various types of applications and services [3] . In the first power-saving class, each listen window of fixed length is followed by a sleep window whose length is twice the length of the previous sleep window, without however exceeding a final sleep window size.
Before entering the first power-saving class, the BS indicates to the MS the initial sleep window size and the final sleep window size. Once the final sleep window size is reached, all the subsequent sleep windows are of the same length [3] . The sleep windows of power-saving class two have a fixed length and are followed by a listen window of fixed length. Again, the BS indicates to the MS the sleep and listen window sizes. Lastly, the third power-saving class operation, on the contrary to the other classes, involves a single sleep window. In a similar manner to the first and second power saving class, the BS informs the MSs about the start time and the length of the sleep window. At the end of the sleep window, the power-saving operation becomes inactive [3] . Numerous studies have followed, studying power management issues based on these three classes. All these efforts operate in a frame-to-frame basis, where each MS negotiates its state mode with the BS concerning the whole frame. Nevertheless, they disregard the intra-frame power management capabilities, ignoring the possibility for an MS to enter a sleep state within the duration of the frame, reducing even more its battery consumption.
In this work, we endeavor to cover this absence, by thoroughly studying power management in an intra-frame basis. Specifically, we propose an energy conservative extension to a wellknown mapping algorithm, supported by a comprehensive analysis of the potential power consumption reduction in the context of the downlink sub-frame. To this respect, we provide an analytical framework, where the potential intra-frame sleep time intervals are identified and presented under various scenarios considering multiple MSs and different traffic demands. It needs to be stressed out that hardware switching between reception and sleep mode may cause extra energy consumption, which could limit the power saving capabilities of the examined scheme. However, the typical power consumption values presented in the WiMAX chipset specifications [4] and adopted in [5] [6] [7] [8] (power in receive mode: 280mW, power in idle mode: 120mW, power in sleep mode: 10mW, additional power when switching between receive and sleep modes: 1mW) reveal that the maximum of two switches which may occur during one frame period according to the analyzed mechanism do not add to the energy consumption very much, and therefore intra-frame power saving is advantageous.
The remainder of this paper is organized as follows. The OFDMA technique and the bandwidth allocation fundamentals are described in Section 2. In Section 3, the intra-frame power saving capabilities are identified and the related efforts in research literature are revisited. Section 4 identifies energy conservation potentials in downlink vertical mapping and analytically models the proposed energy conservative technique. Section 5 validates our analysis via simulation and provides extensive performance results in terms of potential sleep time. A comparative analysis of intra-frame and inter-frame power saving is conducted in Section 6.
Finally, Section 7 concludes this paper and highlights our future plans.
OFDMA Technique and Intra-frame Bandwidth Allocation Fundamentals
IEEE 802. 16 WiMAX system incorporates four alternate physical specifications operating in different frequencies. These include the WirelessMAN-SC, the WirelessMAN-SCa, the WirelessMAN-OFDM, and the WirelessMAN-OFDMA. In addition, there is another physical layer, WirelessHUMAN PHY, which is specified for the license-exempt bands [9] . In particular, WirelessMAN-OFDM PHY and WirelessMAN-OFDMA PHY are designed for operation below the 11-GHz licensed band, based on the Orthogonal Frequency Division Multiplexing (OFDM) and the Orthogonal Frequency Division Multiplexing Access (OFDMA) technologies, mapping. In essence, the mapper is directly connected with the scheduler; having acquired and processed traffic requests, concludes to a final transmission program with respect to both downlink and uplink directions. At this point, it should be mentioned that downlink requests should conform to a shaping rule, with each request forming a rectangular inside the OFDMA allocation bin, having one dimension associated with the time and the other associated with the frequency domain. An indicative mobile WiMAX frame based on TDD technique is illustrated in Fig. 1 .
Fig. 1. A TDD Mobile WiMAX frame instance
Each frame begins with a preamble, a short control period used for synchronization and channel estimation. The downlink sub-frame includes two critical control messages, the downlink map (DL-MAP) and the uplink map (UL-MAP), which define the time duration of each burst, the modulation, and the forward error control (FEC) coding scheme for each MS. The frame control header (FCH) field proceeds DL-MAP and UL-MAP, as it provides frame configuration information, such as the MAPs' length and their corresponding PHY properties (e.g., modulation, coding scheme, and usable subcarriers). Furthermore, the transmit-receive transition gap (TTG) and the receive-transmit transition gap (RTG) prevent possible interferences as the BS passes from transmit to receive mode and vice versa.
Intra-frame Power Capabilities and Related Efforts
Considering that time duration of each frame is fixed and predefined in conjunction with the fact that a single or multiple MSs may experience short or large periods of idleness within the duration of a single frame, it may be easily concluded that an MS may utilize only a portion of the available allocation space. Specifically, each MS may be associated with one of the following states: a) begins its transmission or reception at the beginning of the frame and completes them at the end of the frame, b) begins its transmission or reception at the beginning of the frame and completes them before the end of the frame, c) begins its transmission or reception after the beginning of the frame and completes them at the end of the frame, d) begins its transmission or reception after the beginning of the frame and completes them before the end of the frame, and e) does not participate either in the transmission phase or the reception phase or both. Except for the first state, all other states may incorporate sleep periods, which may be exploited in order to reduce power consumption, without, however, overshadowing the network performance during the transmission and/or the reception phase. We refer to the sleep slots incorporated in states (b), (c), and (d) as intra-frame sleep slots.
Due to the OFDMA nature, the power consumption properties should be investigated along with the mapping process, since the mapping procedure significantly affects the allocation strategy within the OFDMA allocation space. Subsequently, in accordance with the specified strategy and the resulting slot assignment in the allocation bin, MSs inactivity periods and idleness behavior may be defined. Even though noticeable research efforts have been performed in order to provide power management frameworks (indicatively see [10] [11] [12] ), to the best of our knowledge no prior published work on intra-frame power consumption exists. In the current study, we aim to fill this gap by analytically examining the power saving capabilities in the vertical (mapping) perspective, since it imposes a very challenging sight. A number of interesting mapping schemes (e.g., [13] [14] [15] ) have been proposed in related research literature. In the context of this work, Simple Packing Algorithm (SPA) [16] , the simplest dynamic mapping algorithm, is adopted in order to explore and provide clear insights on the intra-frame power reduction capabilities.
Our approach contributes towards an accurate analytical approach, which is thoroughly verified by comparison against simulation outcome. A number of related research studies present analytical models of WiMAX systems. In [17, 18] the authors develop a generic analytical model of WiMAX systems that takes into account frame structure, precise slot sharing-based scheduling and channel quality variation of WiMAX systems and provides closed-form expressions for Erlang-like performance parameters such as throughput per user or channel utilization. Although this work presents a notable analytical approach, it neglects the power consumption issue.
In a nutshell, the contribution of this paper is two-folded. First, the intra-frame energy conservation potentials of the IEEE 802.16e downlink sub-frame are explored, adopting the vertical SPA algorithm. Second, an accurate analytical approach is provided, which is thoroughly verified against simulation outcomes considering different scenarios and realistic test-cases.
Analysis of the Vertical SPA Power Saving Capabilities

Energy Conservation in Vertical SPA
Vertical SPA is a fast and easy to implement mapping technique for assigning OFDMA slots provided by the rectangular structured 802.16 sub-frame for downlink transmissions to user bandwidth requests [16] . Because of its low requirements in processing resources, it can be efficiently programmed along with the scheduler into the hardware of any WiMAX BS. The term "vertical" indicates that slots are allocated to MSs by filling consecutive columns of the downlink sub-frame. Specifically, each request that the scheduler provides for mapping is assigned with slots along a column, which corresponds to a pair of symbols. In case the slots for an MS exceed the column height, that is the number of available sub-channels, the allocation proceeds to the next column. The fundamental restriction in the mapping process comes from the 802.16 physical layer specifications for the downlink direction, which define the data region as a rectangular shaped area of slots in the sub-frame that is allocated to an MS for reception. On this basis, the vertical SPA scheme never maps requests to a non-integer number of multiple columns. Hence, each served MS is eventually allocated either a fraction of a single column or multiple whole columns. The objective is to keep the mapping area in a rectangular shape in any case. Thus, the respective algorithm maps each request at the frequency dimension first and then at the time dimension. Each time a new request is processed for mapping, it is examined whether there is enough space in the current column to allocate the required slots; otherwise, the next column is used. The procedure completes for a single frame when all requests are mapped or there are no available slots in the downlink sub-frame to allow the formation of additional -The number of residual subchannels Res_H is set equal to H (i.e., Res_H = H initiation)
The vertical SPA scheme as described above involves inactivity periods for the MSs assigned with allocation space in the downlink sub-frame. This feature can be exploited to enable intraframe power saving. In more detail, each MS is actually active (Rx mode) only during the OFDMA symbols allocated to it, tuned at the sub-channels corresponding to its slots. Hence, it could be set to a low power mode for the residual downlink sub-frame (i.e., before and after its reception period). It is noted that an MS transceiver in sleep mode can conserve up to eleven twelfths of the energy consumed when being in the idle state [4] [5] [6] [7] [8] . When in sleep mode, data transmission or reception for an MS is not allowed. However, as an MS is not involved in such activities outside the region formed by its allocated slots in the downlink sub-frame, the adoption and the transition to intra-frame sleep state when applying vertical SPA does not negatively impact and/or degrade network performance in any manner. Fig. 2 presents an illustrative example of the mapping process using the vertical SPA technique. In this case, the requests of five MSs are mapped to the slots provided for downlink traffic considering a 5ms long frame, assuming a downlink-to-uplink ratio equal to 1:1. The data regions, which always form rectangular boxes, are highlighted in heavy black borders. Sleep periods for each MS are given as a number of columns. 
Mathematical Approach
The power saving capabilities of the vertical SPA mapping scheme are mathematically analyzed in this subsection. Each frame constitutes a distinguished mapping cycle, where the bandwidth requests provided as output from the scheduler are examined in a sequential way for slot allocation. It is considered that the requests for downlink resources originate from a number of MSs that form the concerned WiMAX network. As it is typically assumed in such analytical procedures, the number of slots requested by each MS is an independent identically distributed variable following a Poisson distribution with expected number of occurrences equal to λ.
Actually, in this case, an MS could never request for zero downlink slots, thus, the above mentioned random variable may never be nullified, since a request for zero slots is not really a bandwidth request that could be scheduled for mapping. Consequently, the requested number of slots follows in fact a variant form of the Poisson distribution, according to which there is null probability to be equal to zero. Therefore, the respective formulae are properly normalized throughout this analysis. However, it should be noticed that an MS participating in the network may occasionally omit downlink slots requests in specific frames. The following analysis eventually takes into account this special case and considers also as intra-frame sleep intervals the downlink sub-frame periods during which an MS remains totally inactive. On these grounds, each time the rest of this analysis refers to an MS request, a bandwidth request for more than zero downlink slots is assumed. In the light of the aforementioned, it may be concluded that since null requests are possible but not really mapped, the mean number of requested slots per MS which are actually mapped in the downlink sub-frame bin space does not exactly equal λ.
Initially, we examine the intra-frame power saving potentials of a single MS, which receives downlink slots applying the vertical SPA. The MS is able to transit to sleep mode for the duration of the slots preceding those it occupies or for those following in the same sub-frame or even for the whole duration of the downlink sub-frame in case it has not requested for any slots.
We call these slots sleep slots and their number depends on the width of the data region allocated to the MS and the width of the downlink sub-frame. The probability p that a request occupies k columns is equal to the probability of involving more than (k -1)×H slots and less or equal to k×H slots, as it is expressed by the following equation:
The mean number of columns that form the data region allocated to a requesting MS is given by the weighted average:
Thus, the mean number of sleep slots for an MS that participates in a downlink sub-frame is:
The next step in this analysis is to estimate the mean number of MS requests that are mapped in a downlink sub-frame in order to determine the aggregate number of sleep slots present.
Assuming first that no more than one request is mapped per column, the mean number of MSs that are served in a downlink sub-frame is resulted by:
We then calculate the mean number of requests that are mapped to columns already occupied by another station. The basis of this calculation is the fact that the probability Q[l] that l consecutive requests are allocated slots in a single column of height H is derived by the probability they occupy m slots (l ≤ m ≤ H), while the following request occupies more than H-m slots. In this aspect, it is found that:
It is clarified that P y [x] is the probability that the aggregate number of slots requested by y MSs equals x, whereas P y [>x] is the probability that the number of requested slots is higher than x.
Concerning the calculation of P y [x], it is not accurate to refer to the additive property of the Poisson distribution, which states that the sum of Poisson variables also follows the Poisson distribution, since in our case the added random variables are not exactly Poisson distributed, as it was explained earlier. Considering that the probability y MSs request for x aggregate slots results from the probability that y-1 MSs request x-i aggregate slots, while the next MS requests i slots, we end up with the following recursive formula:
( 1)
Note that P y [x] = 0, when x < y, because a MS can never request for zero downlink slots. The examined probability for one MS request (i.e. y = 1) is given by:
In regards to equation (5), P y [>x] can be computed in a straightforward manner as shown below:
By deconstructing the recursive formula provided in equation (6), the following iterative formula can be derived:
( )
Eventually, the mean number of requests that can be mapped to a column of height H already occupied by another MS equals:
Considering the whole downlink sub-frame and taking into account that columns which are part of data regions of width greater than one slot are not able to include more than one MS request, the mean number of requests that can be mapped to columns already occupied by other MSs is given by: ( 4) ,
It is now possible to proceed to the estimation of the mean number of sleep slots available to all
MSs that can be served during a downlink sub-frame (denoted by SS), assuming that they generate non-zero requests. Taking into account that an average number of s sleep slots corresponds to each one of the R MSs and that each one of the E MSs may employ W -1 sleep slots, we conclude that:
The formula above provides the mean number of sleep slots in a downlink sub-frame considering that the available space is filled with requests and no empty columns are left in the resources bin due to limited number of requests. In a more realistic case, where there is a finite number of MSs requesting for downlink bandwidth, the analysis is adapted accordingly. To be more specific, if the number of MS requests is higher than R + E, then the formula of equation (12) ( ) ( )
SS r represents the average number of sleep slots that are associated with MSs which are actually served, that is they are assigned downlink slots in the examined sub-frame. This case clearly demonstrates the presented intra-frame power saving concept, where stations participating in a sub-frame are at the same time capable of conserving energy. For reasons of analysis completeness, we further estimate the sleep slots of the MSs which do not request any downlink slots during the frame. It should be noted that this is not a typical case of intra-frame power saving, since the particular stations do not participate in the examined sub-frame and just transit to sleep mode for its whole duration. We initially define the probability that an MS generates no resource request as:
Assuming that the total number of MSs in the network is N T , the estimated number of MSs that do not generate bandwidth requests is equal to:
Thus, the number of sleep slots associated with MSs that request no downlink slots is given by:
Similarly, the number of MSs that request for downlink slots is estimated to be:
In order to conclude our analysis, we calculate the number of sleep slots which are related with MSs that are not served in the examined sub-frame, because not enough available downlink slots are left to allocate to their bandwidth requests. The number of these unserved
MSs is equal to:
Consequently and given the fact that any MS which is not active during the sub-frame transits to sleep mode for the whole period, the total number of sleep slots per downlink sub-frame associated with unserved MSs is given by:
It is noted again that similarly to the case of the non-requesting MSs, the sleep mode transition during the whole sub-frame because of the lack of available resource space is not considered as a typical intra-frame power saving case.
Numerical Results
The analytical solution described in the previous section is cross-validated by means of a simulation program developed in MATLAB 1 . The specific program models the downlink mapping procedure allocating WiMAX OFDMA slots to MSs bandwidth requests, according to the vertical SPA technique. The input of the simulator is considered to be the output of the packet scheduler, which generates requests according to the typical Poisson process. The simulation output is the number of sleep slots for all participating MSs (served, non-requesting, and unserved, corresponding to SS r , SS z , and SS u , respectively), averaged considering 10,000 runs, which correspond to different mapping cycles, until the relative statistical error is lower than 2%.
The adopted frequency diversity mode is PUCH (Partially Used sub-Channelization), which constitutes the most common approach. According to PUCH, the frame includes 30 subchannels, which correspond to the downlink sub-frame's height represented by H rows. The downlink sub-frame width (denoted by W) depends on the downlink-to-uplink sub-frame ratio, which may vary among 1:1, 2:1, and 3:1, and the frame duration, which may range from 2ms to 20ms. This paper considers the default frame duration of 5ms as well as the 10ms, and 20ms
values. Regarding the exact frame structure, the OFDMA slots available for request mapping correspond to the resource space that remains after the deduction of the Preamble, MAP, and FCH downlink fields. More specifically, in a 5ms long frame, W equals to 9, 12, and 15 slots for downlink-to-uplink sub-frame ratios of 1:1, 2:1, and 3:1, respectively. Considering frame duration of 10ms, the downlink sub-frame width is 21, 27, and 33 slots for downlink-to-uplink sub-frame ratios of 1:1, 2:1, and 3:1, respectively. Lastly, for the 20ms long frame, the downlink sub-frame width is 45, 60, and 70 slots for downlink-to-uplink sub-frame ratios of 1:1, 2:1, and 3:1, respectively. Table I summarizes the presented frame structure parameters adopted in this work. The following figures graphically depict the results provided by the analytical model along with the simulation results, considering four different scenarios. As a first note, a very satisfactory match between the analytical and the simulation results may be observed in all cases, which constitutes a definitely positive element for the cross-validation of the two approaches. At this point it should be noted that it is not possible to perform a comparison with analogous mathematic analytical models of the SPA or any other request mapping technique, due to the absence of such research attempts in the known related literature.
Initially, the effect of the mean request size (corresponding to the Poisson parameter λ) on the number of sleep slots is explored in a 5ms frame, for a fixed number of 30 MSs that participate in the network and may generate downlink requests without any restrictions. Fig. 3 illustrates the number of sleep slots that are associated with served MSs, which are stations that are actually allocated downlink slots in the sub-frame. As already explained, this is the type of sleep slots that is fully representative of the examined intra-frame power saving scheme, since these slots are related with MSs which participate in the downlink sub-frame with data receiving activity. In Fig. 4 , the mean number of sleep slots, that are associated with MSs which do not request for downlink slots, are plotted against the mean request size. These non-requesting MSs exhibit no downlink activity and transit to sleep mode for the whole downlink sub-frame duration, which case is not representative of the intra-frame power saving mechanism, as already explained. Moreover, the number of sleep slots related to MSs that request for downlink slots, but do not get served, due to unavailability of resources, is graphically depicted in Fig. 5 as a function of the mean request size. The case of unserved MSs is also not fully considered as intraframe power saving, since the specific stations are not active at all during the downlink subframe. As it can be seen in Fig. 3 , for higher Downlink/Uplink ratios, the mean number of the available sleep slots per frame is higher, since there is a larger resource space in the downlink sub-frame. Initially, for small requests, the number of intra-frame sleep slots is low, since there are multiple non-requesting MSs, as it is depicted in Fig. 4 . Then, it is evident in Fig. 3 that for a specific range of request sizes the number of sleep slots is almost constant to a maximum value.
This is attributed to the fact that almost all 30 MSs are requesting and are allocated slots. They are all associated with sleep slots and almost none of them is unserved, as it can be seen for the particular range of request sizes in Fig. 5 . From that point on, as the request sizes increase, the number of unserved MSs also increases, due to resources unavailability, as it can be deduced from Fig. 5 . This phenomenon leads to intra-frame sleep slots decrement, which is evident in MSs. It is apparent from Fig. 6 that the particular frame length allows for more intra-frame sleep slots than the 5ms frame. The reason is the increased resource space, which includes more downlink slots for request mapping. Furthermore, the 10ms long frame retains maximum sleep slots for a larger range of request sizes, as it can be seen in Fig. 6 . This is attributed by the fact that the larger resource space can sustain larger requests till some MSs are not served, as shown in Fig. 8 . Of course, when the number of unserved MSs further increases, the sleep slots associated with these stations also increase, but the actual intra-frame sleep slots represented in reveals that this frame size ensures the highest number of intra-frame sleep slots. In the same figure, it is indicative that the 3:1 Downlink/Uplink ratio maintains maximum sleep slots even for mean request size of 50 slots. This means that the available downlink resource bin is so large that it takes greater than 50-slot request to lead to unserved MSs, as it can be seen in Fig. 11 .
Regarding the non-requesting MSs, it becomes evident from MSs and the mean number of intra-frame sleep slots exists up to a certain point with the number of sleep slots converging to a specific value. A higher downlink-to-uplink ratio results in a higher increase rate and a higher sleep slots convergence number, because of the increased capability of the larger resource bin to serve more MSs, which are then related with more sleep slots. To be more specific, the network exhibits maximum intra-frame downlink sleep slots, when it reaches the limit of MSs that can be served by the specific resource bin. These MSs are -25 -associated with a fixed number of sleep slots, which corresponds to the convergence values seen in Fig. 12 . The increment of the unserved MSs as the number of participating stations increases is evident in Fig. 13 . Actually, the point at which unserved MSs start to appear corresponds to the maximum number of stations that can be served in the specific downlink sub-frame size. In order to examine the effect of the frame size in relation to the number of participating MSs on the number of sleep slots, we have also drawn the respective results considering 10ms and 20ms long frames. Since the 10ms long frame offers more OFDMA slots for data reception compared to the 5ms long frame, it provides more intra-frame sleep slots, as it is evident from Fig. 14 . Additionally, the larger resource bin allows the allocation of downlink slots to more MSs, as it is concluded from the number of unserved stations represented in Fig. 15 . At this point, it should be noticed that in all cases, higher Downlink/Uplink ratios lead to fewer unserved MSs, however, these MSs are associated with more sleep slots, because the larger downlink subframe allows transiting to sleep mode for longer periods. This fact becomes apparent for instance in Fig. 15 , where the lines of the higher Downlink/Uplink ratios have greater slopes. Table II , we summarize the total energy conserved in the whole network during a single downlink sub-frame, due to the intraframe sleep slots associated with served MSs, considering the power consumption values adopted for WiMAX systems in [5] [6] [7] [8] according to the specifications of [4] . As expected, the more the participating MSs, the larger the available allocation space and the lower the Poisson λ parameter, that is the mean request size, the greater the overall power savings observed are. The reason for the increase of the sleep slots when more MSs participate in the network is the fact that each of the multiple MSs is capable of power saving, hence, increasing the total number of intra-frame sleep slots. On the other hand, a small number of MSs may just leave numerous slots in the frame idle. In order to further examine the impact of the resource bin dimensions on the intra-frame power saving capabilities, we present results normalized to a specific resource space size. The presented results regarding the mean number of intra-frame sleep slots and the conserved power, assume different frame sizes and different Downlink/Uplink ratios. Generally, the larger resource space is expected to allow more sleep slots, however, thoroughly comparing the intra-frame power saving capabilities of the different resource bin dimensions would require considering the same time period. Towards this objective, we have normalized the number of intra-frame sleep slots incorporated in different sub-frame durations, assuming the same resource bin size that corresponds to the 1:1 Downlink/Uplink 10ms long frame. The mean request size was set to 20 slots, whereas the total number of participating MSs in the network to 30. The respective results are graphically depicted in Fig. 18 . It is evident that even when the same downlink sub-frame duration is considered, the higher Downlink/Uplink ratio and the larger frame duration exhibit the greater number of intra-frame sleep slots, which are associated with served MSs. This is due to the fact that the larger frames incorporate less overhead, which is related to control information, considered as portion of their total length. Hence, more OFDMA slots become available for mapping stations' downlink requests, which then can save energy according to the intra-frame power saving scheme. It is noticed that the differences for the three considered ratios of the 20ms frame are minor, attributed to the fact that almost all 30 MSs can be served by the increased available resource space regardless the Downlink/Uplink ratio. Nevertheless, it should be clarified that the adoption of a large frame incorporates some significant drawbacks, too. First of all, stations are required to wait for longer periods to content for bandwidth in the following frame. This large waiting period may be proved critical for time-bounded traffic, such as voice transmissions. Moreover, high frame duration leads to less frequent broadcast of beacon signals and control information, which could cause synchronization failures among stations.
Consequently, the selection of the suitable frame period in the range of 2ms to 20ms could be eventually considered as balancing between intra-frame power saving and communication flexibility. 
Performance Comparison of Intra-Frame and Inter-Frame Power Saving Schemes
In this section, a comparative analysis on the power saving capabilities of the proposed intraframe scheme and the standardized inter-frame scheme is provided. Our aim here is to evaluate the potential benefits of the technique analyzed in this work and quantify them against the behavior of the well-known inter-frame energy conservation method, in order to efficiently assess the value of the studied scheme. Towards this objective, a formula is derived that provides the percentage change of the power conserved using the intra-frame scheme in relation to the energy conserved by the inter-frame power saving technique.
It becomes evident from the description of the three power saving classes in Section 1, that inter-frame power saving defines sleep periods of varying duration and frequency, that last for multiple frames, during which the involved MS transits to a low power mode without being able to exchange data. The major advantage of intra-frame power saving is that MSs are capable of saving energy in the same frame that they exchange data. This strength of the particular method corresponds to data exchange completion in shorter time or equivalently to more conserved energy in the same reference period.
On the ground that the examined intra-frame scheme takes place only during reception mode, without loss of generality we assume that time is divided to downlink sub-frames. In the context of this analysis, we initially consider that a single MS participating in the network (N r = 1) is scheduled for receiving D data bits via the BS downlink. These bits correspond to X requests for an average of λ OFDMA slots per request, which are mapped to data regions in the resource bin of X downlink sub-frames according to vertical SPA. This means that if B bits are modulated per slot, the following relationship exists:
If we denote as T the total time being in sleep mode and L the duration of a slot, then the equation below holds:
Assuming now that inter-frame power saving is adopted instead, the MS would require X downlink sub-frames to complete data reception and an extra time interval T to transit to sleep mode and conserve the same amount of energy that is saved by the intra-frame scheme.
Specifically, the intra-frame technique would require aggregate time X×F, whereas the interframe method would require aggregate time X×F+T, where F is the employed frame duration. In order to estimate the power gain of the intra-frame scheme, we reduce the above relationship to one unit of time for both techniques. In more detail, the intra-frame method would conserve on average T×J/(X×F) watts, whereas the inter-frame method would conserve on average T×J/(X×F+T) watts, where J is the power saved when in sleep mode compared to idle mode.
Hence, the intra-frame scheme achieves by T×J/(X×F) -T×J/(X×F+T) = T 2 ×J/(X×F(X×F+T)) watts higher power saving. As a result, the percentage change of the power conserved using the intra-frame scheme in relation to the power conserved by the inter-frame power saving technique is equal to: 
The above quantity is plotted for different mean request sizes in Fig. 19 , considering the default frame length of 5ms. It is evident that intra-frame power saving greatly increases the amount of conserved energy per time unit compared to the inter-frame power saving. In more detail, the respective improvement is relatively low for small mean request sizes, due to the fact that in such a case there is a high probability that the MS generates null bandwidth requests. Then, the maximum value is achieved for requests that occupy only one column in the resource bin and allow for long inter-frame sleep periods. As the request size increases, the available slots for transiting to sleep mode decrease and so does the percentage change of conserved energy.
Moreover, it is noted that the higher the Downlink/Uplink ratio is, the higher the percentage change is, because of the larger resource bin which enables intra-frame "sleeping" for longer periods. . Percentage change of the power conserved using the intra-frame scheme in relation to the power conserved by the inter-frame power saving, considering 1 MS and default frame duration 5ms
Lastly, it needs to be noted that intra-frame and inter-frame power saving schemes could be easily and very effectively integrated. A station can be able of utilizing intra-frame power saving when actively participating in data exchanges within a frame, while in the long run it can adopt one of the intra-frame power saving classes depending on the exchange pattern of the communicated traffic. A hybrid scheme like that would be capable to optimize energy conservation in a WiMAX network.
Conclusions
This paper presents a formal analysis of the intra-frame energy conservation capabilities of the widely known vertical SPA request mapping technique for the IEEE 802.16e downlink subframe. The MSs are enabled to transit to sleep mode when being inactive, conserving this way significant amounts of energy. The number of the available sleep slots per downlink frame was estimated via the introduced mathematical formulae that take into account the number of subchannels and slots, the downlink-to-uplink ratio, the requested bandwidth, and the number of 
